INTRODUCTION
later timepoints, GRA24 and GRA28 fluorescence was evident in differentiating bradyzoite 155 vacuoles out to 6 days p.i. (Figure 3B , 3C, representative images), indicating that a secreted pool 156 of GRA24 and GRA28 remains detectable in the vacuole, despite not being exported to the host 157 cell nucleus, during the course of bradyzoite differentiation in this infection model. 158 Quantitation of effector intensity in fibroblast nuclei at various timepoints demonstrated a 159 decline as a function of time during tachyzoite to bradyzoite differentiation. We were interested 160 in determining whether a similar pattern was also observed when infection was initiated by 161 egressed bradyzoites harvested from in vitro bradyzoite-induced parasite cultures (as described 162 above for MYR1 experiments). IFAs of HFFs infected with egressed in vitro induced 163 bradyzoites revealed similar patterns of effector localization with respect to GRA16 and TgIST. 164 GRA16 was detectable in the host nucleus at 1 and 2 days post-infection and appeared to decline 165 in intensity at later timepoints (Fig. 4A ), whereas TgIST was readily detectable at all time points 166 (out to 4 days post-infection (Fig. 4D) ). Intriguingly, GRA24 and GRA28 were not expressed at 167 any time points using this infection model ( Fig. 4B-C) . The lack of expression of these two 168 proteins in parasites farther along the bradyzoite differentiation path is supported by 169 transcriptomic data deposited on ToxoDB (www.toxodb.org), in which several bradyzoite 170 datasets demonstrate few to no transcripts from these two genes, suggesting that small amounts 171 of these protein, if any, are translated in this life-stage. Hence, this finding demonstrates that the 172 in vitro model of bradyzoite differentiation used here reflects data obtained from in vivo datasets. 173 We were interested in measuring effector intensities in the nuclei of primary neurons, as 174 neurons most frequently harbor tissue cysts in the mouse brain during chronic infection (21) . 175 Cortical neurons were harvested from mouse embryos after 14 days of gestation (E14) and were 176 cultured in vitro for 14 days prior to infection (DIV14) on poly-L-lysine coated coverslips. Egressed tachyzoites from each effector-tagged strain were then used to infect separate neuron 178 cultures, fixing them for IFAs at 1, 2, and 3 days post-infection. Staining with a monoclonal 179 antibody to a bradyzoite secreted protein that we have named MAG2 (Gene ID: 180 TGME49_209755; manuscript in revision), confirmed the occurrence of bradyzoite 181 differentiation at 2 and 3 day p.i. (Fig. 5A-D) . The nuclear effector intensities at 2 and 3 days 182 p.i. were determined in neurons infected with a single MAG2 positive-vacuole, while nuclear 183 intensities quantified at 1 day p.i. were obtained from infected neurons with single vacuoles as 184 MAG2 expression was not observed at 1 day p.i. in neurons. Using ß-III tubulin as a neuron-185 specific marker, we found that host nuclear GRA24 was largely undetectable above baseline 186 uninfected nuclear fluorescence at all timepoints, despite vacuolar expression ( Fig. 5B ). Of note, 187 GRA24 export into neuron nuclei was detectable when the host neuron contained more than one 188 vacuole at 1 day p.i. (data not shown). Similar to that observed in HFF host cells, GRA16 and 189 GRA28 export was significantly elevated above baseline in neurons at 1 day p.i. and declined to 190 baseline levels thereafter ( Fig. 5A, 5C ). TgIST remained significantly above baseline in host 191 neuron nuclei at all timepoints inspected, displaying a trend of declining host nuclear intensity at 192 2 and 3 days p.i. (Fig. 5D ). Thus, parasites retain the capacity to export each of these four 193 effectors into the host nucleus during neuron infection, exhibiting a similar pattern of export to 194 that observed in HFF host cells.
195
The gradual decline of each exported effector observed during both tachyzoite and 196 bradyzoite infection suggest that some factor(s) affecting effector export decreases in quantity or 197 function during the course of vacuolar development. We sought to determine the mechanism 198 behind this observation, reasoning that it could be due to a feature shared both by older 199 bradyzoite and tachyzoite vacuoles. Recent work has demonstrated that catalytically active 200 10 ROP17 is required for the translocation of protein effectors across the parasitophorous vacuole 201 membrane (PVM) (22) . ROP17, along with other rhoptry-derived proteins, is secreted at the 202 time of host cell invasion, and ultimately localizes to the cytosolic face of the PVM. We 203 speculated that declining levels of PVM-associated ROP17 during the course of intracellular 204 infection may be the cause of declining effector translocation at later time points. To test this, 205 we superinfected HFF monolayers containing parasites cultured under bradyzoite differentiation 206 conditions for 7 days with a batch of egressed PruΔku80 strain tachyzoites that did not express 207 the 3xHA-epitope tag. We allowed this superinfection to progress for one more day under 208 bradyzoite differentiation conditions, and then performed IFAs on the monolayers, inspecting for 209 a burst of host nuclear GRA16 or GRA28 in cells containing one differentiated vacuole 210 (determined by fluorescent Dolichos lectin, DBA-FITC) and one new vacuole from 211 superinfection. We found that no renewed GRA16 or GRA28 translocation was apparent under 212 these conditions ( Fig. 6A ), even when HFFs contained multiple new vacuoles and a single 213 bradyzoite vacuole, suggesting that the delivery of ROP17 from a new invasion event does not 214 allow for the renewed export of vacuolar GRA16 and GRA28 from older vacuoles. The same 215 results were obtained from an identical experiment performed under tachyzoite growth 216 conditions, whereby tachyzoite infected host cells were superinfected at 2 days post-infection 217 and fixed at 3 days post-infection ( Fig. 6B ). Previous groups have demonstrated that ROP17 218 provided by such superinfection reliablly restores the activity of ROP17 on the parasitophorous 219 vacuole (22; Dr. J. Boothroyd personal communication). Thus, there are likely different 220 mechanisms, either intra-or extra-vacuolar, that restrict translocation in older vacuoles.
221
Robust TgIST export is notable both during tachyzoite infection ( Fig. 2D ) and during the 222 bradyzoite infection models used in this study ( Fig. 3D, 4D ). TgIST has been shown to suppress 223 11 the host cell response to IFN-γ, preventing the upregulation of genes downstream of this 224 signaling pathway, such as interferon response factor 1 (IRF1). Given the known function of 225 TgIST and the findings obtained by IFA, we hypothesized that cells infected with differentiating 226 bradyzoites remain unresponsive to exogenous IFN-γ at relatively late timepoints post-infection.
227
Using IRF1 as a probe for IFN-γ signaling, we measured host nuclear IRF1 fluorescence The notable persistence of TgIST in the host nucleus at 6 days post-infection, and the 235 prolonged effects mediated by this protein in the host cell, raised the possibility that TgIST could 236 be an effector that is continuously exported, albeit at a reduced efficiency during late infection.
237
Alternatively, TgIST persistence at late time points could be due to a relatively large bolus of 238 TgIST export during the early phase of infection. To address these possibilities, we sought to 239 determine the stability of TgIST in the host nucleus using a previously described inducible 240 knockout strategy, in which genetic deletion is achieved using exogenous rapamycin to dimerize and open reading frames encoding two "DiCre" fragments (Cre59 and Cre60), among other 246 12 elements ( Fig. 8A ). PruΔku80 strain tachyzoites were transfected with the afore-mentioned 247 linearized construct (TgIST-GeneSwap-DiCre). PCR of genomic DNA from subcloned parasites 248 revealed that the construct had inserted as a second copy into the parasite genome (data not 249 shown), therefore, in these subsequent experiments with the TgIST-GeneSwap-DiCre parasites, 250 the ectopic 3xHA-epitope tagged copy of TgIST driven by its own endogenous promoter was 251 detected by IFA and then deleted by DiCre. To evaluate the DiCre parasites, cultures infected for 252 1 day under bradyzoite growth conditions were exposed to 50nM rapamycin for 24hrs, after Our findings demonstrate that parasite protein translocation across the nascent cyst membrane is 284 a feature of bradyzoite infection both in fibroblasts and neurons. We set about to test our initial 285 hypothesis of continuous bradyzoite effector export after our previous finding of MYR1 as a 286 putative cyst wall protein (6). The expression of MYR1 within in vitro tissue cysts at various 287 timepoints was validated, as this protein is secreted into differentiating vacuoles regardless of 288 whether the invading parasite more closely resembled a tachyzoite or bradyzoite ( Fig. 1 and Fig. 289 S1). The presence of MYR1 in differentiating tissue cysts clearly allows for effector export to 290 occur at the early stages of infection, though seemingly not at later stages of infection in the case 291 14 of GRA24 and GRA28 ( Fig. 3B -C). The differences in host nuclear intensities between 292 GRA16/TgIST and GRA24/GRA28 at late timepoints may reflect decreased transcription of 293 GRA24 and GRA28 during bradyzoite differentiation, as documented by various bradyzoite 294 datasets on ToxoDB. Intriguingly, we found that invasion by in vitro derived egressed 295 bradyzoites did not result in the export of either GRA24 or GRA28, as neither protein was 296 expressed during this infection model (Fig. 4 ). This finding suggests that, depending on where 297 the parasite lies on the bradyzoite differentiation continuum, a different arsenal of exported 298 effectors may be utilized by the bradyzoite. This could allow for the parasite to refine the 299 manner of host cell manipulation. For example, a previous report has linked GRA24 as a 300 negative regulator of bradyzoite differentiation (24). In this context, GRA24 export from a 301 differentiating vacuole could interfere with the process of bradyzoite and cyst maturation.
302
The export of all four effectors studied here could be detected in mouse primary cortical 303 neurons, though GRA24 export was undetectable when analyses were limited to single vacuole 304 infections ( Fig. 5B ). This finding suggests that effector export may occur in this cell type during 305 the establishment of chronic infection in vivo, though clearly further investigation is needed to 306 determine the nature of parasite protein export from the parasitophorous vacuole in vivo during 307 acute and chronic infection in sites such as skeletal muscle and brain. We found that while 308 similar patterns of export were identified in neurons compared to fibroblast infection (robust 309 export at 1 day p.i., followed by decline thereafter), the decline to baseline host nuclear 310 fluorescence levels was more rapid in neurons for both GRA16 and GRA28. As each of these 311 effectors were detectable in the parasitophorous vacuole during neuron infection, we reason that 312 this finding could reflect cell-type specific differences in nuclear effector stability, or that 313 effector export is less efficient in neurons. These findings may partially explain the previously 314 reported cell-type dependent transcriptional responses to T. gondii in fibroblasts, neurons, 315 astrocytes, and skeletal muscle cells (25). 316 It is apparent that all effectors accumulate within developing tissue cysts in vitro during 317 the tachyzoite-to-bradyzoite transition, possibly due to a decreased capacity or efficiency to 318 export these proteins. This finding could reflect the maturation of the cyst wall and function of 319 the cyst wall as a barrier to large molecule transport, as previously reported using fluorescent 320 dyes of various sizes (26). On the other hand, we do not exclude the possibility that these 321 effectors may perform additional functions within the tissue cyst. The mechanism behind the 322 decline in effector export at later timepoints is unclear, and may not occur uniquely in bradyzoite 323 vacuoles, as a time course of tachyzoite infection reveals a similar pattern (Fig. 2) . None of 324 these protein effectors appeared to be differentially processed at late time points post-bradyzoite 325 differentiation when protein migration was assessed by immunoblotting (data not shown).
326
In light of the recently described role of the rhoptry protein ROP17 on the export of 327 MYR-dependent effectors (27), we tested whether new infections with egressed tachyzoites 328 (providing fresh ROP17 in-trans) could initiate the translocation of effectors present in older 329 tachyzoite or bradyzoite vacuoles and found that no renewed export was detected (Fig. 6 ).
330
Hence, declining ROP17 levels during infection does not appear to be the cause of export 331 decline. In any case, the pattern of protein export observed for the effectors in this study suggest 332 a common need shared by both tachyzoite and bradyzoites in rewiring the host cell during the 333 early stages of infection, inducing changes that may persist long after the degradation of these 334 effectors in the host cell.
335
Despite an apparent decline in effector export, we were interested in determining how 336 long TgIST persisted in fibroblast nuclei, and by extension whether TgIST might be a 337 continuously exported effector. We engineered a parasite strain expressing a floxed ectopic 338 epitope tagged copy of TgIST that could be deleted by inducible Cre excision, and found that 339 when deleting this copy at 1 day p.i., TgIST was no longer detectable during bradyzoite 340 differentiation at 4 and 5 days p.i. (Fig. 8D ). We reason that if a bolus of TgIST exported during 341 the first day of infection persists in host fibroblast nuclei for only 4 days, and if TgIST export 342 can be typically detected above baseline out to 7 days p.i., then there are export events occurring In summary, the data presented here extend our knowledge of an intriguing method used 378 by this parasite to manipulate the cells it infects, and points toward one mechanism responsible 379 for the persistence of this organism during chronic infection of its host. To epitope tag the genes described in this study at their endogenous loci using CRISPR/Cas9, 416 single guide RNAs (sgRNA) targeting the C-terminus or 3'UTR of each gene of interest were 417 cloned separately into the p-HXGPRT-Cas9-GFP plasmid backbone using KLD reactions, as 418 previously described (34). Donor sequences for homology mediated recombination were 419 generated by amplifying a 3xHA tag, the 3'UTR of HXGPRT, and a DHFR mini-cassette to 420 confer pyrimethamine resistance from the previously described pLIC-3HA-DHFR plasmid 421 backbone (6) (Fig. 1A) . Primers used to amplify this donor sequence also contained overhangs 422 with at least 30bp homology to the C-terminus or 3'UTR of the gene of interest. DiCre construct is available on request. A full list of primers used for cloning and epitope 441 tagging can be found in Supplemental Table S1 . neurons that did not contain parasitophorous vacuoles (uninfected), measuring mean gray values 491 as described above. To allow for comparisons between replicate experiments and across various 492 timepoints, mean gray values measured from infected host nuclei were normalized by dividing 493 each measured value by the average background fluorescence quantified from uninfected nuclei 494 at each timepoint (i.e. from each coverslip). Normalized values were plotted using PRISM 8 495 (GraphPad). As each normalized mean gray value dataset was shown not to exhibit a Gaussian 496 distribution after testing for normality, the nonparametric Kruskal-Wallis test along with Dunn's 497 multiple comparisons test was used to compare the means from three replicates for a given 498 timepoint to determine statistically significant differences between groups. 
